Laboratory of Normal and Pathological Physiology and the Cyclotron Unit and *Department of Radiology, University of Gent, Gent, Belgium Summary: Acute obstruction of the middle cerebral ar tery (MCA) was obtained by injecting a single autolo gous blood clot into the internal carotid artery of dogs. The technique induced very reproducible unilateral isch emic lesions in the MCA territory; hemorrhagic transfor mation of the lesions was often seen. The hemodynamic and metabolic effects of blood clot embolism were studied in 35 dogs with positron emission tomography (PET) and the 150 steady-state technique, and compared with a control group of seven intact animals. In the acute phase, the involved brain tissue still had a nearly normal oxygen consumption ( -11%) despite the lowered tissue perfusion (-20%) caused by the vascular obstruction. The lowered oxygen availability was compensated by an increased oxygen extraction ratio (+ ll%). Tw enty-four hours after the insult, the hemodynamic situation had barely changed, and the ischemic event had evolved into a brain infarct in which oxygen consumption was clearly It is generally accepted that the effects of cere bral ischemia, especially when incomplete, show an evolution in time. Different "flow thresholds" have been described during the ischemic event (Heiss, 1983) . Moderate impairment of tissue perfusion is compensated by an increased extraction of oxygen and nutrients. When blood flow decreases below a critical level, electrical activity and neuronal func tion are disturbed, but ionic homeostasis remains essentially normal, and the condition is reversible by restoration of blood flow. When cerebral blood flow is still further lowered, a point is reached lowered ( -25%) and accompanied by a significant low ering ( -22%) of the oxygen extraction ratio compared with the acute situation. Therapeutic thrombolysis by local administration of streptokinase (500,000 IU), starting 30 min after the insult, was not able to salvage any brain tissue or to ameliorate tissue perfusion despite angiographicaUy confirmed clot lysis. However, when fi brinolytic therapy was started within the first 5 min after the insult, hemispheric blood flow was normalized, and most of the threatened brain tissue was salvaged, as was indicated by its normalized oxygen consumption and ox ygen extraction ratio. Early fibrinolysis was accompa nied by definite clinical improvement and substantial re duction in the severity of the morphological lesions that were never hemorrhagic. Key Words: Thromboembolic stroke-Fibrinolysis-Positron emission tomography Experimental thromboembolism-Stroke.
where ionic homeostasis is disturbed. This situation initiates neuronal loss and leads to cerebral infarc tion if maintained for a certain period of time. The recognition of these flow thresholds has led to the concept of "ischemic penumbra" (Astrup et al. , 1981; Olsen et ai. , 1983) . The time during which brain tissue can remain in this "penumbral" state without suffering from definitive damage is still a matter of debate (Hossmann, 1982; Lassen and Vorstrup, 1984) .
Several methods are proposed to produce re gional cerebral ischemia in experimental animals.
The autologous blood clot model is considered most relevant to thromboembolic stroke in humans (Molinari, 1979) . In the present experiments, a technique of autologous blood clot embolization was developed, which allowed reproducible hemi spheric brain infarction.
Therapeutic fibrinolysis by administration of streptokinase, urokinase, or other plasminogen-ac tivating substances has proved to be a useful tool in restoring blood flow in different kinds of throm boembolic disease (Serradimigni et ai. , 1978; Hess et ai. , 1982; Marder, 1983; Verstraete et ai. , 1985) .
Recently, encouraging reports have been published concerning the use of thrombolytic drugs in experi mental cerebral ischemia (Zivin et aI. , 1985; Del Zoppo et ai. , 1986a) . In the present study we inves tigated the effect of local administration of strepto kinase in an autologous blood clot model by posi tron emission tomography (PET) which allowed si multaneous measurement of cerebral blood flow and oxygen metabolism of the brain.
MATERIALS AND METHODS

Animal preparation
The experiments were carried out on mongrel dogs of both sexes weighing 16-36 kg. The animals were im planted with a chronic catheter in the left internal carotid artery. The procedure was effected under pentobarbital anesthesia (10 mg/kg i.v.) after premedication with xyla zine (2 mg/kg i.m.). A left paramedian incision was made at the level of the thyroid cartilage, and the carotid bifur cation was exposed. The internal carotid artery was li gated at its origin; a catheter (Tygon Microbore Thbing S-54-L, Norton Plastics, OH, U.S.A.) was advanced ± 10 mm in a cephalad direction through an incision in the internal carotid and kept in place by two 3-0 silk liga tures. The catheter was tunnelled subcutaneously in the neck toward the mid-dorsal region. The operation wound was closed in a routine fashion, and the animals received appropriate antibiotics. The catheter was filled with hep arin solution (5,000 IU/mI). The animals were allowed to recover and were observed for 3 days before emboliza tion to ensure that no neurological deficit had occurred following the operation.
Embolization procedure
Three hours before embolization, blood was drawn from the cephalic vein into a polyethylene catheter (PE 240, internal diameter 1. 7 mm) and kept at 37°C during 3 h to allow clot formation. A IO-cm long piece of the clot was washed in sterile saline by mild agitation to remove all lose fragments and aspired in a polyethylene catheter filled with physiological saline. Permeability of the ca rotid catheter was controlled by free draining of blood in order to remove the heparin. The catheter containing the blood clot was then connected to the carotid catheter, and the clot was flushed into the internal carotid artery with 10 ml physiological saline (39°C) at a rate of 15 ml/ min.
Measuring procedure
Ninety minutes before the measurements were made, anesthesia was induced by thiopental (30 mg/kg i. v.); then the animals were paralyzed with gallamine (10 mg/kg i. v.) and artificially ventilated with a mixture of oxygen and nitrous oxide (1 :2). A femoral artery and vein were cannulated for blood pressure measurement, arterial blood sampling, and i. v. infusion, respectively. Then the head of the animal was fixed in a stereotaxic apparatus J Cereb Blood Flow Me/ab. Vol. 8, No. 4, 1988 (made of Perspex and aluminum in order to reduce radia tion attenuation) and was placed in the gantry of a PET scanner (Neuro-ECAT IV, Ortec) for measurement of CBF, oxygen extraction ratio (OER), and CMR02• Body temperature was kept at 39°C using an electrical heating blanket; the animals received an i.v. infusion of tyrode solution (1.9 mllmin) with gallamine added (1.5 mg/kg/h). End-tidal carbon dioxide concentration was continuously measured and kept at the desired level by electronic feedback adjustment of tidal volume, Measurements of CBF, OER, and CMR02 were made using the I SO steady-state method (Frackowiak et aI., 1980) as de scribed earlier (Weyne et aI., 1987) . Data were simulta neously collected from three coronal slices at 35, 19, and 3 mm in front of the intermeatal line. A transmission scan using an external 68Ge source was recorded and used to gether with a blank attenuation scan taken immediately before the experiment to correct later measurements for photon attenuation caused by the animal tissues and the head holder. CBF was measured by adding trace amounts of CO2 labelled with I SO to the inspired gas mixture, starting 10 min before and during the 300-s (measuring time) lasting emission scan. In an analogous way, OER was measured by adding ISO-labelled oxygen to the in spired gas, During the measurement, two arterial blood samples were taken anaerobically: the first for measuring of radio activity in a well-type rate counter (Canberra, Meridon, CT, U. S. A.), the second for measuring of blood pH, Po2, Pc02 (Blood Microsystem Radiometer, Copenhagen, Denmark), hematocrit, and hemoglobin concentration. CBF, OER, and CMROz were calculated pixel by pixel, using the appropriate formulas, and evaluated in elliptical regions of interest covering each cerebral hemisphere. In a first run, hemispheric (h) CBF, OER, and CMR02 were measured in normocapnia (end-tidal CO2 of 5%); there after, an additional hCBF measurement was made in hy percapnia (end-tidal CO2 of 9.5% achieved by addition of 5% CO2 to the inspired gas mixture). From the three to mographic planes, hemispheric-weighed average values were calculated and statistically compared.
Two series of experiments were performed. The first series consisted of 14 embolized animals, divided into two equal groups: the first (group Ia) was studied 3 h after embolization; the second (group Ib), 24 h later.
The second series of experiments consisted of three groups of animals (n = 7) studied 24 h after embolization. The first group (lIa) consisted of sham-treated animals, infused with 45 ml physiological saline through the ca rotid catheter at a rate of 0. 76 mllmin during the first 20 min and then continued at half rate. In the second group (lIb), fibrinolytic therapy was started 30 min after embo lism by infusion of 500,000 IU streptokinase (Streptase, Behringwerke AG, Marburg, ER. G. ) through the carotid catheter. The streptokinase was dissolved in 45 ml sterile physiological saline and infused at a rate of 8,500 IUlmin during the first 20 min and then continued at half rate. The third group (lIc) was treated in the same way as the second, but the infusion was started within the first 5 min after embolization. These three groups, together with the nontreated animals of the first series (group Ib), were compared with a nonembolized control group (lId) (n = 7).
Angiographic procedure
Two kinds of investigations were performed. In the first study, seven dogs were emboli zed as described above. After 15 min, dorsoventral digital subtraction an giograms were obtained with the animals under xylazine (2 mg/kg i. m.) and pentobarbital (10 mg/kg i. v.) anes thesia by injection of 3. 5 ml contrast medium (lsopaque Cerebral, Neygaard & Co, Oslo, Norway) into the ca rotid catheter. After the first angiogram, four dogs were treated with streptokinase as described above and the three remaining dogs were sham treated. Further angio grams were recorded 20, 50, and 100 min after the onset of therapy.
In the second study, a dorsoventral angiogram was ob tained in 13 dogs after the PET study (six dogs treated with streptokinase, four sham treated, and three not treated).
At the end of the experiment, the animals were given an overdose of pentobarbital and saturated KCI, after which the brains were removed and fixed in a formalde hyde solution.
Pathological investigations
After fixation, the brains were cut in 7-mm thick slices for gross morphological inspection of the lesions. Special attention was given to the existence of hemorrhagic in farcts. An impression of the magnitude of the lesion was obtained by averaging the number of involved brain slices for every examined animal of each group.
Statistical methods
In the first series of experiments, corresponding data from both groups (3 and 24 h) were compared using the unpaired t test.
In the second series, data were first treated by analysis of variance; then the experimental data were compared with normal control values using the Dunnett's test. In both series, statistical significance of interhemispheric differences was evaluated by the paired t test.
RESULTS
Embolization led to typical signs of stroke within the first few minutes after injection of the clot. Typ ical behavior consisted in circling gait and tonic head deviation toward the side of the embolization, extensor hypotonia with defective placing of the contralateral forepaw, and incoordination.
Angiographic findings
The seven dogs subjected to angiography imme diately after embolization all showed an obstruction of the middle cerebral artery (MeA) at the side of the injection (Fig. 1) . In three of the four animals treated with streptokinase, the MeA obstruction disappeared within the first 20 min of treatment; in the fourth animal, the obstruction persisted. In the three sham-treated animals, the obstruction per sisted.
Five of the six dogs studied after PET scanning (± 30 h after embolization) and treated with strep tokinase showed no vascular obstruction; one still had a MeA obstruction. Three of the four sham treated animals showed MeA obstruction, and one had no obstruction. None of the three embolized non treated animals that underwent angiography showed any vascular obstruction.
Pathological findings
Gross morphological observation of the brain slices from the different embolized groups revealed unilateral lesions, except for one animal of the sham-treated group (lIa) that showed bilateral le sions and two animals of the instant-streptokinase group (lIc) that did not show any macroscopic le sIOn.
From the embolized nontreated group (Ib), five animals were investigated. The lesions mostly in volved the caudate nucleus, the capsula interna, the lateral cortex, the thalamic region, and some times the supracallosal cortex (Fig. 2) . The lesions extended over five slices; hemorrhagic lesions were found in two cases. The group (lIb) that received streptokinase after 30 min showed hemorrhagic le sions in four out of seven animals; the lesions cov ered four consecutive slices. From the sham treated group (lIa), six brains were sectioned; hem orrhagic lesions were found in four of them, and the lesions extended over five consecutive slices. In the group (lIc) that received immediate strepto kinase treatment, none of the seven animals showed hemorrhagic lesions, and the rather dis crete lesions observed were generally confined to two consecutive slices (in two brains, no macro scopic lesions were observed).
Positron emission tomography
Values for arterial blood pressure, Paco2, and he matocrit during the PET experiments are shown in Ta ble 1. All values were within normal range, and no systematic difference was observed between the different groups except for a (nonsignificantly) low ered hematocrit after streptokinase. Arterial oxy genation was adequate, with Pa02 between 100 and 140 mm Hg.
The results of the first series of experiments with embolization concerning hCBF, hOER, and hCMR02 are illustrated in Fig. 3 . In the first group (la: 3 h), normocapnic hCBF in the embolized hemisphere showed a 20% decrease compared with the nonembolized hemisphere, leading to an inter hemispheric blood flow ratio (R = E/C) of 0. 80 ± 0. 03. In the embolized hemisphere, CMR02 was 11% lower than at the contralateral side (p < 0.01). This 20% decrease of tissue perfusion in the face of an 11 % lowered oxygen consumption was compen sated for by an 11 % increase of the OER at the em bolized side compared with the control side (p < 0.01). In hypercapnia, blood flow at the control side showed a nearly twofold increase, whereas the in crease at the embolized side was much less pro nounced, leading to an accentuation of the flow asymmetry, illustrated by a significant lowering (p < 0. 01) of the blood flow ratio to 0.67 ± 0.04. In the second group (Ib: 24 h), hCBF values at the control and embolized sides in normocapnia and hypercapnia were not significantly different 31.8 ± 0.5 57.0 ± 0.9 33.7 ± 1.0 60.2 ± 1.3 29.9 ± 1.3 54.5 ± 1.5
Series I: 3 h (a) and 24 h (b) after embolization. Series II: 24 h after embolization in sham-treated animals (a) or after treatment with streptokinase started 30 min (b) or 3 min (c) after embolization. Series lId: nonembolized control animals. PCY, packed cell volume (hematocrit) . from the acute phase; interhemispheric CBF ratio showed only a slight tendency to equalize (R = E/C of 0.87 ± 0.05 and 0.72 ± 0.09 in normocapnia and hypercapnia, respectively). At the embolized side, hCMR02 was now 25% lower (p < 0.01) than at the control side, which remained the same as in the acute phase. Moreover, this important decrease of the oxygen consumption was accompanied by a significant lowering of hOER at the embolized side compared with the 3-h situation (p < 0.01), while hOER at the control side remained essentially un changed.
These changes clearly illustrate a stabilization phase of the ischemic lesion (see Discussion). Therefore, in the second experimental series, the effect of streptokinase treatment on the evolution of cerebral hemodynamics and oxygen metabolism was investigated 24 h after the insult.
The results of the second experimental series are illustrated in Fig. 4 2.10%, and 3.34 ± 0.180 mllIOO ml/min, respec tively (mean ± SEM). In all the embolized groups, CMR02 at the control side was not different from the value found in control animals (group lId), whereas at the embolized side it was 25-30% de creased, except for the group (IIc) that was instan taneously treated with streptokinase. In the embo lized groups (except, again, group IIc) OER was moderately increased at the control side, whereas at the embolized side it was not significantly dif ferent from control. In the nontreated, the sham treated, and the 30-min streptokinase groups (Ib, Ila, and lIb, respectively), hCBF at the embolized side in normocapnia was significantly lower than in the control animals (group lId); at the control hemi sphere, a slight, nonsignificant decrease was present. The hCBF reaction to hypercapnia was strongly decreased at the embolized side, leading to an accentuation of the interhemispheric flow differ ence. In group IIc, with instantaneous strepto kinase treatment, the hCBF values in normocapnia were normal at both sides. values were also within the normal range, although it was 12% lower at the embolized than at the con trol side (p < 0.01). Hypercapnic hCBF was 13% lower at the embolized side than at the control side, but-at variance with the three other groups-it was not statistically different from normal.
DISCUSSION
In view of the present status of stroke diagnosis and treatment (Welch et aI., 1986; Meyer et aI., 1987) , we used a model of thromboembolic brain ischemia in which clinical, angiographic, hemody namic, metabolic, and morphological parameters can be studied. The model is based on the autolo gous blood clot model developed by Hill et al. (1955) with certain modifications. The method of Hill et al. has not been applied frequently. The reason for this may perhaps be found in the diffi culties encountered in inducing reproducible clin ical and morphological lesions by injecting an un known number of clot fragments of different size into the internal carotid artery of animals under general anesthesia. Moreover, such a model has no clinical counterpart in the naturally occurring stroke disease in humans (Molinari and Laurent, 1976; Hossmann, 1982) . We used a single, nonfrag mented blood clot for embolization. This led to clinical signs compatible with selective occlusion of the MCA (Antony et aI., 1963) . Obstruction of the MCA was angiographically confirmed and induced reproducible hemodynamic and metabolic alter ations in the dogs that were studied 3 and 24 h after the insult. Acute occlusion of the MCA in unan esthetized cats and monkeys induces lesions similar to those in our study (Spetzler et aI., 1980; Wein stein et aI., 1986) .
The clinical significance of our model is espe cially indicated by the time course of the changes, which is comparable to that found in human throm boembolic stroke, as is shown in our first series of experiments. In the acute stage (3-hr study), most of the brain tissue of the embolized hemisphere is still metabolically active, with a nearly normal ox ygen consumption. In spite of the decreased ox ygen availability as a consequence of the vascular obstruction, metabolic needs are sustained by an increased oxygen extraction ratio. This "misery perfusion" is regularly encountered in acute human stroke disease (Baron et aI., 1981) . The condition suggests that a substantial part of the involved brain tissue is in a (transient) "penumbral" state and probably can be resuscitated by (early) restora tion of blood flow. Twenty-four hours after the in sult, the situation has evolved into a brain infarct, J Cereb Blood Flow Metab. Vol. 8, No.4, 1988 as is indicated by the significantly lowered oxygen consumption at the embolized side, which, com pared with the nonembolized side, shows a de creased oxygen extraction ratio. Tissue perfusion remains essentially unchanged between 3 and 24 h after embolization, in spite of the fact that sponta neous clot lysis most likely has taken place by that time, as is shown in the angiographic study. This delayed hypoperfusion may at least partly be caused by ischemic microvascular damage or edema formation. Spontaneous clot lysis is also ob served in clinical stroke cases leading to brain in farct. This is indicated by the observation that an giographic studies fail to demonstrate cerebrovas cular obstruction in an increasing number of patients with increasing time delay between the onset of stroke and the angiography. Re-investiga tion of patients with confirmed vascular obstruction on a first investigation has also demonstrated resto ration of a normal-appearing vascular tree in nearly 50% of the cases 40 h later (Stillman et aI., 1987) .
The second series of experiments indicates that local administration of streptokinase at 30 min, which results in quick lysis of the blood clot in the majority of animals as shown by angiography, does not improve the hemodynamic and metabolic state of the involved tissue and is not able to prevent the installation of delayed hypoperfusion. On the other hand, streptokinase, administered within the first few minutes after the insult, is able to salvage most of the threatened tissue and to restore tissue blood flow up to control levels. The animals in this group were in a better clinical condition than those of the other groups.
Spontaneous hemorrhagic transformation of thromboembolic brain infarcts is a frequently oc curring complication in human stroke disease (Hart and Easton, 1986; Cerebral Embolism Study Group, 1987) . The justified fear that therapeutic fi brinolysis might increase the risk for hemorrhagic transformation is the most important obstacle to its use in thromboembolic stroke (Meyer et aI., 1965; Fletcher et aI., 1976; Hanaway et aI., 1976; Del Zoppo et aI., 1986b) . Although dogs are reported to be very susceptible to such hemorrhagic transfor mation (Hain et aI., 1952) , as was also observed in most of our experiments, we especially emphasize that such transformation was not observed in the group with early fibrinolysis. According to a recent hypothesis, hemorrhagic transformation of a brain infarct is due to ischemic damage of the blood vessel wall, which leads to vessel disruption upon subsequent exposure to systemic arterial blood pressure after clot lysis. According to this hy pothesis, the duration of the obstruction seems to be a critical factor (Hart and Easton, 1986) . Our observations are in line with such a hypothesis, be cause thrombolysis within the first 5 min-in con trast to 30 min-does not induce hemorrhagic transformation.
In conclusion, our observations indicate that the latency period for safe and useful application of fi brinolytic therapy after the induction of experi mental stroke is so short that its application in clin ical practice seems unrealistic. This should never theless encourage the search for other means that might protect the threatened brain and vascular tissue and so extend the latency time for therapy after thromboembolic stroke.
